IL-4 is a T cell product originally described as B cell growth factor by virtue of its ability to co-stimulate B lymphocyte proliferation (1) . It has broad effects on B cells, including the promotion of Ig class switching to IgE and IgGl isotypes in activated B cells (2) (3) (4) (5) (6) (7) . In addition to regulating B lymphocyte growth and differentiation, IL-4 modulates the survival, proliferation, and differentiation of T lymphocytes, as well as a wide range of hematopoietic cell lineages, thereby contributing to allergic and other immune processes (8) (9) (10) . It has recently been reported that murine IL-4 also exhibits antitumor effects in vivo (11) . IL-4 mediates its effects through cell surface receptors; a single class of high affinity receptors for IL-4 has been detected on nearly all hematopoietic cells examined (12) (13) (14) (15) (16) (17) , and on many nonhematopoietic cell types as well . These include human fibroblasts, epithelial cells, and hepatic, bladder, and pancreatic tumor lines (13) , as well as murine fibroblast, muscle, neuroblast, epithelial, and a variety of stromal cell lines (12, 16) . The biological effect of IL-4 on most of these cells is unknown, but it has been reported that IL-4 can stimulate fibroblast proliferation, and as such may play a role in inflammation (18) .
We recently reported the isolation and characterization of a murine IL-4 receptor (IL-4-R) cDNA (19) , but the mechanism(s) by which IL-4-R mediate the pleiotropic effects of IL-4 remains largely unknown. In this report we describe the cloning of a human IL-4-R cDNA . The predicted amino acid sequence shows homology with four other recently cloned receptors, and thus defines a novel receptor superfamily. When transfected into a murine T cell line, the human IL-4-R cDNA confers responsiveness to human IL-4, demonstrating that the encoded protein contains sufficient information to transmit the IL-4 signal across the cell membrane . This expression system may prove useful for identifying components of the IL-4 signal transduction machinery.
Results
Characterization ofHuman IL-4 Receptor cDNA Clones. A probe from the murine IL-4 receptor cDNA clone 7B9-4 (19) was used to isolate human IL-4-R cDNA clones from two libraries, one derived from human PBL, and the second from a CD4''/ CD8-human T cell line, T22 (22, 23) . A restriction map and two representative clones are diagrammed in Fig. 1 A. A full-length 3.6-kb cDNA clone, T22-8, contains an open reading frame encoding 825 amino acids flanked by 175 by of 5' and 947 by of 3' noncoding sequence (shown in Fig. 1 B) . The predicted protein sequence exhibits 53% identity with the murine IL-4 receptor, and contains a predicted 25 amino acid signal peptide, 207 amino acid external domain, 24 amino acid transmembrane region, and 569 amino acid cytoplasmic domain . Three of six potential N-linked glycosylation sites are conserved between the human and murine sequences. Five of the seven cysteines present in the human IL-4-R extracellular domain are also found in the murine IL-4-R . These presumably contribute to protein structure, and take on added significance in view of their conservation in other related receptor sequences (see below) .
The PBL-1 cDNA showed identical sequence to T22-8 except for a 68-bp insertion that terminates the open reading frame 45 amino acids downstream of the predicted NH2 terminus of the mature protein. This insertion was found in other cDNA clones and therefore is not a cloning artifact but could represent unspliced intronic sequences.
IL-4 Receptor Is A Member of a New Superfamily. A search against the EMBL and
Genbank DNA and National Biomedical Research Foundation protein databases (28) revealed that the human IL-4-R sequence is unique, as was found with the murine IL-4-R (19) . However, in comparing the predicted amino acid sequence of the IL-4-R with the published sequences of several recently cloned receptors, statistically significant homology was found among the extracellular domains. These sequences are the human IL-6-R (29), the human IL-2-R ,8 subunit (p75 ; reference 30), the murine erythropoietin receptor (31) , and the rat prolactin receptor (32) . Like the IL-4-R, these receptor sequences are unique in the databases, and do not contain tyrosine kinase domains or features that would classify them as members of other gene super¬amilies (except IL-6-R, see below) . Pairwise alignments of the predicted extracellular domains of the receptors were performed with the ALIGN program (33, 34) , generating scores ranging from 3.9 to 8.8 (given in Table 1 ) . Scores >3 .0 are statistically significant and indicate common ancestry. Shown in Fig. 2 is an alignment of the extracellular domains of these receptor superfamily members. Invariant amino acids are designated in bold print, although many more amino acids are conserved among the sequences. Distinguishing features of the extracellular domains include four conserved cysteines and a COOHterminal double tryptophan-serine motif (WSXWS; see asterisks) .
Expression ofHuman IL-4-R cDNA . Proof that cDNA clone T22-8 encodes a biologically active human IL-4-R was provided by biochemical and functional analyses of the encoded protein in mammalian expression systems. COS-7 cells were transiently transfected with the mammalian expression vector pDC302 (19) , or pDC302 containing cDNA clone T22-8, and were metabolically labeled with [ We next sought to determine whether the cloned human IL-4-R could mediate a biological response to IL-4 . The cloned murine T cell line, CTLL-2 (35), typically exhibits 1,000-4,000 IL-4-Rs per cell (16) and shows short-term proliferation in response to murine IL-4 (10) . Because murine and human IL-4 are species-specific with respect to receptor binding (13) (14) (15) (16) , CTLL-2 cells do not bind or respond to human IL-4 . Thus, this cell line provides an ideal host for examining biological activity of the cloned human IL-4-R cDNA. A stable cell population (CTLLT22-8) expressing the human IL-4-R was derived by cotransfection of CTLL-2 cells with the pDC302/T22-8 expression construct and the plasmid pSV2neo (which encodes resistance to neomycin; reference 26), followed by selection for growth in the presence of the antibiotic G418. A control line (CTLL-neo) was established by cotransfection ofCTLL-2 cells with pDC302 vector and pSV2neo plasmid DNAs, followed by selection in G418. Sequence alignment of extracellular domains. Amino acidsconserved among all five receptors are shown in bold print. Alignment of the sequences specified in Table I was performed by computer using the algorithm of Feng and Doolittle (45) , and then modified to more closely reflect the pairwise alignments produced by the ALIGN program. The alignment shown is not necessarily optimal for each individual pair of receptors.
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Expression of murine and human IL-4-Rs in these lines was first examined by radiolabeled-IL-4 binding and Scatchard analysis. Representative binding studies (Fig. 3 B) indicate that both CTLL-neo cells (top paneo as well as CTLLT22-8 cells (middle paneo have -1,400 murine IL-4-Rs on the cell surface with an affinity ofti4 x 109/M. As expected, no apparent human 125 1-IL-4 binding was detected on the CTLL-neo cells (not shown) . However, >800 human IL-4-Rs could be detected on the transfected CTLLT22-8 cells (Fig. 3 B, bottom paneo with an affinity for human IL-4 of 1.1 x 10 1°/M. These binding affinities are consistent with the values previously reported for the native murine (12, (14) (15) (16) and human (13, 17) IL-4-Rs.
Expression of murine and human IL-4-R mRNA was examined in the transfected lines by RNA gel blot analysis. A blot containing RNA from CTLLT22-8 and CTLLneo cells, and for comparison human peripheral blood T lymphocytes, was hybridized under stringent conditions with a human IL-4-R probe (Fig. 4 A) . Shown in Fig. 4 B is a blot containing CTLLT22-8 and CTLL-neo RNAs that was hybridized with a probe specific for murine IL-4-R mRNA. The murine probe detected only the endogenous 3.9-kb murine IL-4-R mRNA, which was expressed at similar levels in the two CTLL sublines . The human IL-4-R probe hybridized to a 4.0-kb endogenous IL-4-R mRNA in the human T cells, but did not detect the murine form in the CTLL-neo control line . In the CTLLT22-8 transfectants the human genome, or utilization of a cryptic polyadenylation signal within the cDNA. The sequence AGTAAA, which occurs at position 2540 (Fig . 1 B) might function as such a signal, although there is no evidence for its use in normal human cells.
The ability of the expressed human IL-4-Rs in CTLLT22-8 cells to convey a biological signal across the membrane was assessed by quantifying the proliferative response of these cells to human IL-4. The results, comparing [3H]thymidine incorporation in response to various concentrations of human and murine IL-4 in the two CTLL sublines, are shown in Fig. 5 A. While the CTLL-neo control line proliferated only in the presence of murine IL-4, the CTLLT22-8 cells responded to both murine and human IL-4. Moreover, addition of anti-murine IL-4-R mAb (Ml), which blocks murine IL-4 binding (Beckmann, M. P, et al ., manuscript submitted for publication), abrogated the response to murine IL-4 in the CTLLT22-8 cell line, while having no effect on the biological response to human IL-4 (Fig. 5 B) . Similarly, the anti-murine IL-4-R antibody blocked the proliferative activity ofmurine IL-4 on the CTLL-neo cells (data not shown) . These data demonstrate that the proliferative response ofCTLLT22-8 cells to human IL-4 was mediated through the human IL-4-R encoded by cDNA clone T22-8.
Discussion
We have isolated cDNA clones that hybridize with a murine IL-4 receptor probe. The protein sequence encoded by these clones matches closely with that determined for the murine IL-4-R (19) , and its identity as the human IL-4-R is confirmed by functional expression of the cDNA in COS-7 and CTLL-2 cells. In murine cells we found an alternatively spliced mRNA that encoded a secreted form of the IL-4-R (19), but an analogous cDNA has not yet been isolated in the human system . However, if a secreted form of the human IL-4 receptor is expressed at the same low frequency as the murine secreted form (N1 in 15 cDNAs), then a large number of human IL-4-R cDNAs would have to be examined to rule out its occurrence . Alternatively, expression of secreted IL-4-Rs may be restricted to the murine species. The sequence comparisons shown in Table I and Fig. 2 define the IL-4-R as a member of a novel superfamily of cytokine receptors. The ALIGN scores are in a range similar to that found among the members of the Ig gene superfamily. Because all of these receptors can be found on, and mediate effects on, cells of the hematopoietic lineage, we suggest the name, hematopoietin receptor superfamily. As additional members of this family are discovered and as receptor structures are examined, the significance of the conserved residues highlighted in Fig. 2 may become more evident.
It is interesting to note that these apparently structurally related receptors bind molecules that also share similar structures . The x-ray crystallographic data of IL-2 shows that it has a four-helix bundle core structure (36) . IL-6 has also been modeled as a helix bundle protein (37) . Although the structure of prolactin is not known, x-ray crystallographic data on the closely related protein, growth hormone, reveal that it has a four-helix bundle structure (38) . Therefore, conservation of the binding region in this family of receptors may be due to the structural requirements necessary to bind a specific class of hormones, and would predict that erythropoietin and IL-4 may also have four-helix bundle structures .
Interestingly, the first 86 amino acids of the mature IL-6-R extracellular domain are unrelated in sequence to the hematopoietin receptor superfamily as determined with the UWGCG GAP program (28) , which uses the same algorithm as ALIGN, but has a gap length penalty and no end gap penalty. However, the NH2-terminal 81 amino acids of the mature IL-6-R align with the Ig superfamily C2 domain (29, 39) , indicating that the extracellular portion of the IL-6-R has an NH2-terminal Ig-like domain, followed by a domain characteristic of the hematopoietin receptor superfamily. Whether IL-6 binding and biological responsiveness require both domains is not yet known.
The demonstration of signal transduction by the human IL-4-R in murine CTLL-2 cells in response to human IL-4 indicates that homology between the murine and human IL-4 receptor must be sufficient to allow interaction of the human IL-4-R with the murine proteins involved in transmitting the IL-4 signal to the nucleus. Presumably, the cytoplasmic domain functions in this capacity. The amino acid sequence identity between the predicted cytoplasmic domains of the human and murine IL-4-Rs is 54%, with the greatest conservation focused in two regions: amino acids 232-259 and 685-727 (Fig. 1 B) . Additional evidence suggesting the importance of the cytoplamic domain comes from previous experiments with CTLL-2 cells. CTLL-2 cell line derivatives that express a high number of endogenous murine IL-4-Rs with a truncated cytoplasmic domain no longer respond to murine . This is in contrast to the IL-6 receptor, whose 86 amino acid cytoplasmic domain is dispensable for signal transduction (40) .
Examination of the predicted cytoplasmic domain sequence of the human IL-4-R revealed no clues about the signaling mechanism. No homologies with protein kinases or sequences found at phosphorylation acceptor sites for protein tyrosine kinases or protein kinase C (41, 42) were observed .
No significant homologies between the predicted cytoplasmic domains of the IL-4-Rs and the other members of the hematopoietin receptor superfamily, which vary greatly in length, were observed using the ALIGN program. D'Andrea et al . (43) recently reported homology between the entire length of the ß subunit of the IL-2-R and the erythropoietin receptor, which are roughly equivalent in size . In view of the similarities between IL-4-R and these other receptors, it will be interesting to determine whether components of the signaling machinery are shared among them . In addition, analysis of the genomic structure of these receptor genes might shed further light not only on their evolutionary relatedness, but on domain structural and functional similarities as well .
During the preparation of this paper, we became aware that Bazan (44) had also noticed the sequence similarities between the receptors described here (with the exception of IL-4-R) . Summary IL-4, a pleiotropic cytokine produced by T lymphocytes, plays an important role in immune responsiveness by regulating proliferation and differentiation of a variety of lymphoid and myeloid cells via binding to high affinity receptors. In this report we describe the isolation and functional expression of a human IL-4-R cDNA. When transfected into COS-7 cells, the cDNA encodes a 140-kD cell-surface protein . After transfection into a murine T cell line, the cDNA encodes a protein that binds human IL-4 with high affinity and can confer responsiveness to human IL-4 . The predicted extracellular domain of the IL-4-R exhibits significant amino acid sequence homology with the S subunit of the IL-2-R (p75), and the receptors for IL-6, erythropoietin, and prolactin . These receptors comprise a novel superfamily with extracellular domains characterized by four conserved cysteine residues and a double tryptophan-serine (WSXWS) motif located proximal to the transmembrane region.
